Testing examined the extent and rate of stronti~plutoni~uranium and neptunium removal from radioactive waste solutions at 4.5M and 7.5M in Na concentration by adsorption onto monosodium titanate (MST) at 0.2 g/L. Results indicate that the extents and rates of strontium, plutonium and neptunium removal in radioactive waste solutions agree well with those previously measured using simulated waste solutions. Uranium removal in the 7.5M Na radioactive waste solution proved similar to that observed with simulated waste solutions. Uranium removal in the 4.5M Na radioactive waste solution proved lower than expected from previous simukmt tests. We conclude that MST adsorption data obtained ikom simulated waste solutions provide reliable predictions for use @ facility design and flowsheet modeling studies in the Salt Disposition Alternatives program.
Introduction
The Salt Disposition Systems Engineering Team identified the adsorption kinetics of actinides and strontium onto monosodium titanate (MST) as a technical risk in several of the processing alternatives selected"for additional evaluation in Phase III of their effort. The Flow Sheet Team requested that the Savannah River Technology Center (SRTC) examine the adsorption kinetics of MST for several process alternatives [1] .
Previously, Hobbs snd Walker studied the adsorption of strontiunq plutonium and uranium onto MST"in alkaline solutions [2] . Results of these tests indicated that MST would remove stronti~uranium and plutonium from simulated In-Tank Precipitation (ITP) waste solutions. Hobbs and Fleischman followed with statistically designed experiments to examine temperature and solution chemical composition [3] . Again, the results clearly indicated that MST would sufficiently remove stronti~uranium and plutonium.
Phase III testing identified significant parameters affecting sorption including ionic strength of the solutio~temperature, initial sorbate concentration and MST concentration . [4] . Mixing and the presence of sludge solids exhibited minor effects. Sodium tetraphenylborate (NaTPB) did not significantly affect the extent and rate of removal. Removal rates determined at a low MST concentration allowed initial sizing of reactors in vaxious salt alternative flowsheefi. Analysis of the results indicated the need to perform additional kinetic testing with simukmts at lower neptunium concentrations and with radioactive waste solutions to confirm the results with simulated waste solutions.
Phase IV simukmt testing by Hobbs and Puhnano used a simulated waste solution, 4.5M in sodium concentratio~to measure the extent and,rate of Strontitq plutonium, neptuniunq and uranium removal at 25 "C in the presence of 0.2 and 0.4 g/L MST [5] . Results indicated successfid decontamination at 0.4 g/L MST. At 0.2 g/L MST, neptunium removal did not achieve the Z-Area limit for feed solution due to the large concentration of uranium in the sirnukmt. Removal rates determined at both MST concentrations provided additional data for sizing continuously stirred tank reactors.
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As defined in the technical task request [6] , this study used Savannah River Site (SRS) tank waste to confirm that the extent and rate of removal from radioactive waste solutions agrees with that from simulated waste solutions.
Experimental

Preparation of Waste Solutions
The radioactive waste used in this experiment consisted of a composite of archived supernate and saltcake samples taken from more than twenty SRS tanks. Researchers combined and thorou@y mixed the samples producing 4.7 L of material. The composite material contained a small amount of dark-colored solids. Researchers did not characterize the quantity or composition of the undissolved solids.
Researchers characterized the liquid portion of the tank composite after filtering a portion of composite material through a 0.45-pm pore size membrane filter (cellulose nitrate) and collecting the filtrate. Table I provides selected chemical, radiochemical and physical property results of the filtrate. "Appendix 1 provides a more complete chemical and radiochemical composition of the filtered tank composite. Researchers treated the waste solution with sodium tetraphenylborate to remove radioactive cesium. Removal of the radioactive cesiurn allowed removal of the waste material from the Shielded Cells and thus performance of the adso~tion tests in a laboratory radiohood. Removal of the radioactive cesium also increased the lower detection limit for other radioisotopes (e.g., 'O& 239D40Pu and %%) present in the waste. The task plan required conducting tests with wa&e solution at two sodium @a) concentrations, 4.5 and 7.5 M [71. A detailed description of the activities employed to prepare the two waste solutions for the MST adsorption tests follows.
Researchers diluted a portion (0.808 L) of the tarik composite material to about 8.0 M in Na and added 152.0 g (146.9mL) of a 0.55M sodium tetraphenylborate solution (NaTPB) prepared using Aldrich (Lot #15123AS) reagent grade chemical. A second addition consisted of 36.549 g of a 0.55M NaTPB solution 17 days later. After another 10 days, researchers filtered the entire mixture through a 0.45-pm pore size membrane filter (cellulose nitrate). We then placed the filtrate into a clesn polyethylene (PE) bottle and added another 48.233g of a 0.55M NaTPB solution. After mixing for an additional 10 Revision O days, personnel filtered the mixture through a 0.45-pm pore size membrane filter (cellulose nitrate). We placed the filtrate in a clean bottle, removed from the Shielded Cells and transferred to laboratory module B-126/130 in SRTC.
Chemical analysis indicated the sodium ion concentration in the treated filtrate at 6.93 J!& below the target of 7.5 M. Thus, researchers heated the solution slowly to 85 'C and concentrated the solution by evaporation. Researchers did not detect the formation of~-solids during evaporation. After evaporatio~chemical analysis indicated a sodium ion t concentration in the treated filtrate of 7.76 M.
Researchers added 50 pL of 85Srtiacer (NEN-087,) and 25.006 g of deionize~distilled (DDI) water to the treated tank composite filtrate and mixed 3 hours at ambient laboratory temperature. Researchers then added 100 p.L of a 0.671 mg/L '7Np in 0.1 M nitric acid solution (prepared from SNM 82014652,) and 25 @of 85Srtracer. After stirring overnight we filtered the material through a 0.45-pm filter and the filtrate placed in a clean PE bottle labeled as Multi-Tank Composite, 7.5 M Na+. Personnel then-diluted a portion (398.4 g) of the composite solution with DDI water in a 500-mL Voimdrk flask to provide 600.3 g of the waste solution at a sodium concentration of 4.5 M. We @rred the diluted solution for 2 days at ambient laboratory temperature, filtered through a 0.45-pm pore size membrane filter (cellulose nitrate) and placed the filtrate in a clean PE bottle ' labeled as Multi-Tank Composite, 4.5 M Na+.
Adsomtion Tests
Researchers placed 120 mL of sol&ion into each of six labeled PE bottles (duplicates with 0.2 g/L MST and one control with no added MST for each sodium concentration). The MST used in these tests was received from Optima Chemical Company (Lot #33180) and is the same material previously used in the Phase III and Phase IV simukmt testing [4, 5] . Researchers randomly placed the bottles in aLab Line shaking waterbath (Cole-Parmer Catalog #E-01290-20) set to maintain a temperature of 25 'C. Personnel kept the level of the water at or above the liquid level in the sample bottles. A thermistor thermometer (Omega@Model # 5831) with probes (Omega" Model #OL-703) was used to measure waterbath tempixatures. After incubating mmnigh~testing began with an initial sampling of the control bottles, and the addition of the appropriate quantity of MST to provide a MST concentration of 0.2 g/L. Each bottle was sampled in random order at 0. 25,0.5, 0.75, 1.0, 1.5,2,4,8,24,96, and 168 hours after the addition of MST. 
ElapsedTime (h)
The sampling method consisted of removing a test bottle from the waterbath, briskly shaking for about 30 seconds to provide a homogeneous suspension, and pulling approximately 5-6 mL of the suspension into a disposable plastic syringe. The researcher then inserted a 0.45pm disk filter (nylon membrane) onto the syringe, collected about 5 mL of filtrate into a clean PE sample bottle and slowly pipetted 4 ti of the resulting filtrate into a glass vial containing 4 mL of 5M nitric acid.
Upon mixing of the sample and~e nitric acid, an immediate reaction ensued resulting in the release of a brown colored gas and the formation of a white precipitate. Photographs below show the sampling events. The brown gas released immediately upon contact with the acid is NO., produced by the decomposition of nitrite. The white solids are aluminum hydroxide. Upon standing in an excess of nitric acid, the precipitated aluminum hydroxide dissolves. The bright yellow color disappears leaving a colorless solution. The observed color change is consistent with decomposition of tetraphenylborate decomposition products. If the yellow color was primarily due to chromate (present at 488~19 mg/L based on chromium content from ICP-ES analysis reported in Appendix 1), then the acidified solution should be orange colored.
.
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Researchers discarded all excess filtrate. Personnel recapped the test bottle and returned it to the waterbath. The total time outside of the waterbath for sampling did not exceed 3 minutes. Personnel then capped the glass sample vial, gently agitated it, and allowed it to stand at ambient laboratory temperature. In the 4.5 M Na solutions all solids readily dissolved, but the 7.5 M Na solutions required occasional agitation and two separate l-mL The Aw@tical Development Section of SRTC performed the analyses. Stronthun-85 activity measurement occurred by gamma pulse height spectroscopy. Personnel determined concentrations '7Np and uranium isotopes by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) analysis. 'gnh and '8Pu activity determinations relied on alpha spectroscopy after chemically separating the plutonium from the neptunium.
Results and Discussion
Researchers performed duplicate tests with each waste solution at 0.2 g/L MST and a single control solution with no MST. Table III shows the test design with MST concentrations as defined in the task technical and quality assurance plan for this work [7] . Note that these tests were carried out in the presence of sodium tetraphenylborate. Although not measured analytically, we postulate that tetraphenylborate decomposition products are also present in the treated waste solution (see Experimental Section). Previous simukmt tests indicated the addition of sodium tetraphenylborate did not significantly affect the extent of rate of sorbate removal [4] . Control $kundes The experiment used one test bottle of each sodium solution (#1.@"7.5MNa and #4@ 4.5M Na) containing no MST to serve as control tests to correct for removal of sorbates by sorption onto'the bottle walls, the filter or by precipitation. No systematic changes in the sorbate concentrations appeared over the duration of the experiments for either the 7.5M or 4.5M Na+ solutions (see Figures 2 -5). These results indicate no significant removal of sorbate in the control samples. For this reaso~the results for tests with MST do not require cofiection for removal by mechanisms other than that by sorption with MST. Table IV provides the calculated average, standard deviation and percent relative error for each sorbate in the control samples. The relative errors for the sorbates remained below 10% in all cases except for neptunium. Relative errors proved lower for the 4.5M Na solution compared to the .7.5 M Na solution. We attribute the higher relative errors in the 7.5M Na solution primarily to the more concentrated salt matrix and greater dilution factor required in acidifjhg samples. .Revision O Researchers diluted the 7.5M Na solution to prepare the 4.5M Na solution. No evidence of solids formation occurred during dilutiorL Thus, the ratio of the sorbate concentrations in the diluted and concentrated solution should measure 0.600. Table V provides the average and standard deviation of the ratios of the sorbates in Bottle #4 to those in Bottle #1. Strontium and plutonium exhibited good agreement to the theoretical value of 0.600. Uranium apd neptunium did not exhibit good agreement with the theoretical value.
Since strontium and plutonium measurements derive from independent methods and exhibited good agreemen~we conclude the poorer agreement for uranium and neptunium does result from a systematic error in the sampling method. Researchers identified problems in the ICP-MS analytical results from inspection of the results obtained from the control samples. Consequently, personnel repeated analyses of all samples by the ICP-MS method. The reported ICP-MS results for uranium and neptunium me those values reported from the second determination. The relative error fm uranium slightly exceeds that obtained for strontium snd plutonium by the two independent radiochemical counting methods (see Table IV ). The neptunium results indicate a significantly higher error compared to the other sorbates. The Analytical Development Section research&rs reported the samples from the current study required a larger dilution than necessary the previous simukmt testing. The solution matrix in the radioactive waste samples contains msny more compounds thau the simulated waste solution including tetraphenylborate decomposition products. Thus, we attribute the larger errors in the ICP-MS analytical results compared to the radiochemical results for strontium and plutonium to the lager dilution factors and matrix tiects. . Strontium Removal Strontium removal occurred at both sodium ion concentrations. Figure 6 provides a graph of the average total strontium concentration versus time for both sodium ion concentrations. As previously observed with simulated waste solutions, the relative extent of strontium removal increased at lower sodium concentration [4, 5] .
Figure4. Uranium Concentrations in Control Samples
Results indicated that the slurries met the Z-Area Feed Limits at both ionic strengths and at 0.2 g/L MST assuming a 'Sr content of 5.2 atomic percent. At the higher assumed 90Sr content (45 atomic %), the higher ionic strength solution (7.5M Na) fails to achieve the Z-Area limit. Note that the estimated 90Srcontent of the waste solutions at the start of the MST adsorption tests are 120 and 72 nCi/g for the 7.5M and 4.5M sodium concentration solutions, respectively. Both of these values are above the Z-Area limit of 40 nCi/g indicating the waste required strontium removal at both ionic strengths [8] . Based on the required decontamination factors, strontium removal achieved the Z-Area Feed Limit within 1.02 hours at 7.5M Na concentration and 0.30 hours at 4.5M Na concentration. ------------------------------------------------------------------- Figure 7 presents the average strontium concentration versus time data in the radioactive waste tests as well as that for previously reported simulated waste solutions [4, 5] . The plot omits the initial strontium concentrations to allow a log-log presentation of the data. A significant change in the slope of the curve occurs between 8 and 24 hours of contact with the MST. This result suggests that equilibrium nearly occurred during this time period resulting in a significant decrease in tie rate of strontium removal.
Inspection of the graphs indicates that the rate of strontium removal in the radioactive waste solutions appears very similar to that in the simulated waste solutions for both ionic strength conditions. Thus, we conclude that the strontium removal rate data obtained from sinndated waste solutions proves reliable in design calculations. ..----.
------------------.
-------_LimiLbiwL@MMznwin&?m@k____ qs~7.5~Nas waste solutions used in these tests Plutonium Removal Plutonium removal occurred in both radioactive waste ionic strength solutions. Figure 8 , provides a graph of the average total plutonium concentration versus time for both sodium ion concentrations. As previously observed with simulated salt solution, the relative extent of plutonium removal increased at the lower sodium concentration [4, 5] .
Researchers did not add plutonium to the waste solution except for trace amounts present in the 237Npsolution added to increase the 237Npconcentration. Based on radiochemical and mass spectroscopy analyses, the composite waste solution contained 0.337~0.0057 grams Pu-238 per gram of total plutonium. The neptunium activity analyzed at 0.182 nCi/g in the 7.5M Na solution and 0.0815 nCi/g in the 4.5M Na solution. Thus, '*Pu accounts for >99% of the alpha activity in the waste solutions. The initial alpha activity of the waste solutions measured 59 nCi/g for the 7.5M Na solution and 39 nCi/g for the 4.5M Na solution.
Table VII presents the averages and single standard deviations for the elapsed times, total plutonium concentrations and decontamination factors for both ionic strength solutions. Appendices 2-7 provide experimental results for the individual tests. From the calculated decontamination factors, we determined the distribution constants, ILLat 6000 + 110 (7.5M Na) and 44000+ 2600 (4.5M Na) tig. These values agree with those previously measured for plutonium in simulated waste solutions (see Appendix 4 in reference 4]. The Z-Area has a limit for total alpha activity of 20 nCi/g [8] . Based on the measured decontamination factors, the total plutonium activity in the 4.5M Na and 7.5M Na waste solutions decreased to 4.1~0.21 nCi/g and 27~0.5nCi/g, respectively, at equilibrium. Thus, the 4.5M Na waste solution, but not the 7.5M Na waste solution, achieved the ZArea limit for total alpha activity. On average, the 4.5M Na waste solution achieved the Z-Area limit 4.07 hours after the addition of 0.2@ MST (see Table VII ). Revision O 2.05E-01 9.70E+O0 . 5.00E-01 Figure 9 presents the average plutonium concentration versus time data in the radioactive" waste test as well as that for previously reported simulated waste solution at 4.5M in sodium concentration. The graph omits the initial plutonium concentrations to allow a log-log plot. Inspection of the graphs indicates that the rate of plutonium removal in the radioactive waste solution behaves similarly to that in the simulated waste solution. In both the non-radioactive and radioactive solutiom",the plutonium removal rate changes significantly at about 24 hours. We attribute the lower removal rate in the radioactive waste solution during the first 24 hours to the lower initial plutonium concentration in the radioactive waste solution (8.22 j.@L) compared to that in the simulated waste solution (63.5 @L).
Unlike stronti~the concentration of plutonium continues to decrease over the entire test period (168 hours) indicating the slurry did not reach equilibrium when tie test completed. We attribute the slowness in achieving equilibrium to the presence of multiple plutonium oxidation states and species in solution [9, 10] . As the predominant plutonium species in solution adsorbs onto me MST, the system tries to achieve chemical equilibrium producing more plutonium available for adsorption. The rate of conversion ..-
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Plutonium removal rate proved more difficult to ascertain in the 7.5M Na waste solution than in the 4.5M waste solution. Given the scatter in the plutonium concentrations in the control sample (see Figure 3) and in the 7.5M Na waste solutions (see Figure 8 ) during the first 8 hours, statistically significant plutonium removal occurs sometime after eight hours of contact with the MST. As observed at the lower ionic strength test (4.5M Na), the concentration of plutonium in the 7.5M Na waste solution continues to decrease over the entire test period (168 hours) indicating the slurry did not reach equilibrium when the test completed.
Because of the large errors in the plutonium concentrations in the previously reported simulant testing [4], we could not compare the plutonium removal rates between the simulated and radioactive waste solutions at the higher ionic strength. However, based on the 4.5M Na waste solution results, we conclude that the plutonium removal rate data obtained from simulated waste solutions provides reliable data for use in design calculations. Uranium Removal Figure 10 provides a graph of the average total uranium concentration versus time for both sodium concentrations. Table VIII presents the average and single standard deviation for the elapsed times, total uranium concentrations and decontamination factors measured at both ionic strength solutions. Appendices 2-7 contain experimental results for the individual tests.
Uranium removal occurred in the 7.5M Na solution as evidenced by an average decontamination factor of 1.41+ 0.068 (see Table VIII ). Uranium removal proved lower in the 4.5M Na solution with an average decontamination factor of 1.08~0.080. The extent of uranium removal at the higher ionic strength (7.5M Na) agrees with that previously measured with simulated waste solutions initially containing between 2560 and 24,600 Lg/L uranium (see Table IX ). The behavior of uranium in the 4.5M solution does not, however, agree with previous results obtained in Phases III and IV testing with simulated waste solutions [4, 5] . For example, decontamination factors for uranium measured 1.24 in the Phase III tests initially containing 14,800 pg/L uranium and 1.31 in the Phase lV tests initially containing 9,020 Kg/L uranium. The decontamination factor in the 4.5M Na radioactive waste tests average 1.08 & 0.08, well below that measured in the above simulated waste solutions. Neptunium Removal Figure 11 provides a graph of the average total neptunium concentration versus time for both sodium concentrations. Table X presents the average and single standard deviation for the elapsed times, total neptunium concentrations and decontamination factors measured at both ionic strength solutions. Appendices 2-7 contain experimental results for the individual tests. Neptunium removal achieved the Z+rea feed limit in the test at the 4.5M Na concentration, but not at the 7.5M Na concentration. This result agrees with previous results with simulated waste solutions [4, 5] . Inspection of Figures 11 and 12 indicates slow attainment of equilibrium @168 h). Revision O Table XI provides the average decontamination factors for neptunium in simulated and radioactive waste solutions at a MST concentration of 0.2 g/L. The relative extent of neptunium removal increased slightly with a decrease in the sodium concentration in the waste solution (see Table XI ). The decontamination factors measured for the radioactive waste solutions agree with those previously measured with simulated waste solutions. We attribute the lower DFs for the radioactive waste solutions compared to the Phase III . LAW and Phase IV simulated waste solutions to higher uranium concentrations which compete for sites on the MST. Figure 12 presents the average neptunium concentration versus time data in the radioactive waste tests as well as that for previously reported simulated waste solutions [4, 5] . The figure omits the initial neptunium concentrations to allow a log-log plot. In contrast to strontium and plutonium, the slopes of the concentration curves do not change abruptly at any point. Inspection of tie graphs indicates that the rate of neptunium removal in the radioactive waste solutions appears very similar to that in the simulated waste solutions for both ionic strength conditions. Thus, we conclude that the neptunium removal rate data obtained from simulated waste solutions proves suitable for use in design calculations. P&o~el recorded the experi&ental data fkom the radioactive waste testing in lfioratory notebooks WSRC-NB-99-OO062, WSRC-NB-99-00178 and WSRC-TR-99-00061. 
